A b s t r a c t
A g e n e r a l i z e d l i f e and r e l i a b i l i t y model i s presented f o r p a r a l l e l s h a f t geared prop-fan and turboprop a i r c r a f t t r a n s m i s s i o n s . The transmiss i o n l i f e and r e l i a b i l i t y model i s a combination o f the i n d i v i d u a l r e l i a b i l i t y models for a l l t h e bearings and gears i n t h e main l o a d paths. The b e a r i n g and gear r e l i a b i l i t y models a r e based on c l a s s i c a l f a t i g u e t h e o r y and t h e two parameter Weibull f a i l u r e d i s t r i b u t i o n . A computer program was developed t o c a l c u l a t e t h e t r a n s m i s s i o n l i f e and r e l i a b i l i t y . The program i s modular. I n i t s p r e s e n t form, t h e program can analyze f i v e d i f f e re n t t r a n s m i s s i o n arrangements. However, One i m p o r t a n t measure o f t h e performance o f turboprop t r a n s m i s s i o n s i s t h e s e r v i c e time between scheduled maintenance o v e r h a u l s . I n t h e design o f new prop-fan and t u r b o p r o p a i r c r a f t prop u l s i o n systems, s e r v i c e l i f e c a l c u l a t i o n s a r e r e q u i r e d . Tools t h a t a s s i s t t h e t r a n s m i s s i o n designer i n comparing d i f f e r e n t c o n f i g u r a t i o n s on a common l i f e and r e l i a b i l i t y b a s i s for a g i v e n m i s s i o n spectrum l o a d i n g b e f o r e t h e t r a n s m i s s i o n s a r e c o n s t r u c t e d a r e q u i t e v a l u a b l e . By determini n g t r a n s m i s s i o n system l i f e as w e l l as component l i v e s , weak l i n k s i n a d e s i g n can be i d e n t i f i e d and strengthened. T h i s enables t h e designer t o b r i n g f o r w a r d t h e b e s t c o n f i g u r a t i o n and c o n f i g ur a t i o n embodiment p o s s i b l e t o t h e f i n a l design stage of a t r a n s m i s s i o n ' s development f r o m a l i f e and r e l i a b i l i t y s t a n d p o i n t .
t h e program can be m o d i f i e d e a s i l y t o i n c l u d e a d d i t i o n a l t r a n s m i s s i o n arrangements. An example i s i n c l u d e d which compares t h e l i f e o f a compound two-stage t r a n s m i s s i o n w i t h t h e l i f e o f a s p l i t -t o r q u e , para l l e l compound two-stage t r a n s m i s s i o n . as c a l c u l at e d by t h e computer program.
Computer programs a r e a v a i l a b l e f o r l i f e a n a l y s i s o f v a r i o u s bearings and b e a r i n g s h a f t arrangements based on t h e c l a s s i c a l f a t i g u e t h e o r y o f Lundberg and Palmgren.l.2 T h i s t h e o r y has a l s o been a p p l i e d t o t h e a n a l y s i s o f f a t i g u e l i f e for spur and h e l i c a l gear ~e t s . 3 -~ t h e l i f e and r e l i a b i l i t y o f h e l i c o p t e r p l a n e t a r y and bevel transmissions have been developed as f u n c t i o n s o f t h e l i v e s and r e l i a b i l i t i e s o f t h e t r a n s m i s s i o n component bearings and gears.8-10 I n p r e v i o u s papers, The l i f e models assume t h a t t h e t r a n s m i s s i o n i s adequately l u b r i c a t e d and t h a t t h e components a r e w e l l designed. For gears, t h i s means t h a t s u f f i c i e n t r i m thicknesses and p r o p e r m a t e r i a l s a r e used t o p r e v e n t premature t o o t h breakage f a i lures. I t i s assumed a l s o t h a t t h e t o o t h form geometry and l u b r i c a n t a r e adequate t o a v o i d gear t i p s c o r i n g . Both o f these modes o f f a i l u r e a r e p r e v e n t a b l e w i t h adequate d e s i g n . l l models assume steady power o p e r a t i o n w i t h minimal s t a r t -u p or d e c e l e r a t i o n shock l o a d i n g . The gas t u r b i n e power source o f t h e t u r b o p r o p engine prov i d e s t h i s type o f power i n p u t . Surface p i t t i n g i n t h e f u l l l o a d r e g i o n o f t h e gear t o o t h faces and i n t h e b e a r i n g races i s n o t p r e v e n t a b l e , however, due t o t h e l a c k o f a s u r f a c e endurance 1 i m i t f o r h i g h s t r e n g t h s t e e l s . 1-7 Both elements w i l l f a i l e v e n t u a l l y i n s u r f a c e p i tt i n g r e g a r d l e s s o f t h e loads. A l s o , i f s i m i l a r components o p e r a t e a t t h e same c o n d i t i o n s , t h e y w i l l e x h i b i t a s c a t t e r i n s u r f a c e p i t t i n g f a t i g u e l i f e . Thus, s t a t i s t i c a l methods, such as t h e two parameter Weibull d i s t r i b u t i o n a r e commonly used i n p r e d i c t i n g f a t i g u e l i f e .
The l i f e I n the present work, a computer program p r e d i c t i n g l i f e and r e l i a b i l i t y f o r p a r a l l e l s h a f t gear transmissions o f v a r i o u s c o n f i g u r a t i o n s i s presented. The transmission system l i f e and r e 1 a b i l i t y model i s a combination o f the component r e l i a b i l i t y models. The components i n c l u d e d i n t h e system model are the bearings and gears i n the main load p a t h s . The component l i f e and r e 1 a b i l i t y models a r e based on the two parameter Weibull d i s t r i b u t i o n . The component l i f e models are the same as was done i n previous l i f e modeli n g o f he1 i c o p t e r transmissions.8-1° c o n t r i b u t i o n o f the p r e s e n t work i s the a d d i t i o n o f p a r a l l e l s h a f t t r a n s m i s s i o n c o n f i g u r a t i o n s and the modular s t r u c t u r e o f t h e computer program.
The major
The computer model was w r i t t e n as a modular program so t h a t many d i f f e r e n t t r a n s m i s s i o n conf i g u r a t i o n s c o u l d be t r e a t e d w i t h the same system a n a l y s i s r o u t i n e . I n t h e present s t a t e of d e v e lopment, the program can t r e a t a v a r i e t y o f p a r a ll e l s h a f t t r a n s m i s s i o n c o n f i g u r a t i o n s . These i n c l u d e : ( 1 ) s i n g l e pass gear t r a n s m i s s i o n s , ( 2 ) compound gear transmissions, ( 3 ) p a r a l l e l compound gear t r a n s m i s s i o n s , ( 4 ) s t a r gear transmissions, and ( 5 ) p l a n e t a r y gear t r a n s m i s s i o n s . These c o n f i g u r a t i o n s were chosen t o model t h e v a r i e t y o f turboprop transmissions i n use today. Due t o the modular form o f t h e program, a d d i t i o n a l t r a n s m i s s i o n c o n f i g u r a t i o n s can be added e a s i l y t o model t r a n s m i s s i o n concepts n o t i n c l u d e d i n t h e o r i g i n a l f i v e b a s i c c o n f i g u r a t i o n s .
The program a l s o i n c o r p o r a t e s a modular approach t o the d e t e r m i n a t i o n o f t h e t r a n s m i s s i o n system l i f e and dynamic c a p a c i t y . I n t h e program, a common b l o c k p r o p e r t y a r r a y i s used t o s t o r e t r a n s m i s s i o n component i n f o r m a t i o n . The program then uses c o n f i g u r a t i o n independent s u b r o u t i n e s t o p e r f o r m the system l i f e and dynamic c a p a c i t y analyses w i t h t h e d a t a i n t h e common b l o c k . Conf i g u r a t i o n s p e c i f i c s u b r o u t i n e s a r e used t o prepare the common b l o c k p r o p e r t y a r r a y f o r a n a l y s i s and t o d i s p l a y t h e r e s u l t s o f t h e a n a l y s i s . With t h i s s t r u c t u r e , the program can be e a s i l y expanded t o i n c l u d e a d d i t i o n a l t r a n s m i s s i o n c o n f i g u r a t i o n s .
System L i f e A n a l y s i s
The l i f e and r e l i a b i l i t y model o f t h i s analys i s i s P a l m g r e n ' s , l 2 o r i g i n a l l y developed f o r r o l l i n g element b e a r i n g s : The model f o r t h e component l i f e as a f u n cs u r v i v a l l i f e , L10, and t h e Weibull slope, e, t h e two parameter Weibull d i s t r i b u t i o n can be expressed as:
The Weibull slope c h a r a c t e r i z e s t h e shape o r skewness o f the d i s t r i b u t i o n . For bearings, and t o a l e s s e r e x t e n t f o r gears, t h e l i f e d i s t r i b u t i o n i s skewed h i g h , w i t h a l a r g e r percent o f f a i l u r e s o c c u r r i n g b e f o r e t h e mean l i f e than a f t e r i t . s i o n was chosen by comparing t h e t r a n s m i s s i o n which i s composed of l o a d c a r r y i n g gears and bearings t o a c h a i n o f l i n k s . J u s t as a c h a i n f a i l s when any s i n g l e l i n k breaks, t h e t r a n s m i s s i o n i s 
The s t r i c t s e r i e s p r o b a b i l i t y model i s j u s t if i e d on the b a s i s of t h e h i g h speed o f t r a n s m i s s i o n components and t h e spray e f f e c t o f loose d e b r i s .
I f any component f a i l s , d e b r i s may be p r e s e n t i n t h e t r a n s m i s s i o n which c o u l d a c c e l e r a t e t h e f a t i g u e damage i n o t h e r components. So, i f any s i n g l e element i n t h e t r a n s m i s s i o n has f a i l e d , t h e t r a n sransmi si t y . m i s s i o n must be overhauled t o r e t u r n t h e s i o n t o i t s i n i t i a l s t a t e o f h i g h r e l i a b i 
for each I n t h i s equation, L t i s t h e l i f e o f t h e e n t i r e t r a n s m i s s i o n f o r t h e system r e l i a b i l i t y , R t . I t i s a l s o t h e l i f e o f each component i n t h e t r a n sm i s s i o n a t t h e same system r e l i a b i l i t y , R t . To make t h i s e q u a t i o n v a l i d , a l l t h e component l i v e s must be expressed i n t h e same t i m e base, such as m i l l i o n o f t r a n s m i s s i o n o u t p u t s h a f t r o t a t i o n s .
This r e l a t i o n i s n o t a simple two parameter Weibull r e l a t i o n s h i p between system l i f e and system r e l i a b i l i t y . The e q u a t i o n would be a t r u e two-parameter Weibull d i s t r i b u t i o n o n l y i n t h e case f o r which a l l t h e Weibull exponents, e t , were equal. For t h e general case i n which t h i s i s n o tThis p l o t o f percent probabi 1 i t y o f f a i l u r e versus t r a n s m i s s i o n l i f e can be approximated by a s t r a i g h t l i n e q u i t e e a s i l y . A s an example i n t h i s work, the s t r a i g h t l i n e approximation i s o b t a i n e d w i t h a l i n e a r r e g r e s s i o n i n Weibull c o o r d i n a t e s o v e r the range 0.5 R t 0.95. The slope o f t h i s s t r a i g h t l i n e approximation i s taken as t h e t r a n sm i s s i o n Weibull slope, e t . and the l i f e a t which t h e t r a n s m i s s i o n r e l i a b i l i t y , R t . equals 90 percent f o r the s t r a i g h t l i n e r e l a t i o n s h i p i s taken as t h e t r a n s m i s s i o n 90 percent r e l i a b i l i t y l i f e , L t l O .
The equation
for t h i s f i t t e d Weibull r e l a t i o n i s : e,
T;
Log (y) = Log (3) (&) where D t i s t h e b a s i c dynamic c a p a c i t y o f t h e t r a n s m i s s i o n i n u n i t s of o u t p u t torque. T h i s e q u a t i o n can be solved for D t by i t e r a t i o n .
A s e r i e s o f 90 percent r e l i a b i l i t y l i v e s f o r t h e t r a n s m i s s i o n can be determined w i t h Eq. (6) for a s e r i e s o f a p p l i e d t r a n s m i s s i o n loads. A l o g -l o g p l o t of o u t p u t t r a n s m i s s i o n t o r q u e versus t r a n s m i s s i o n 90 percent r e l i a b i l i t y l i f e can then be o b t a i n e d over a range o f o u t p u t torques which v a r i e s from 10 t o 100 p e r c e n t o f t h e dynamic c a p a c i t y as found from Eq. (9). The 
slope o f a l e a s t squares f i t t o t h i s d a t a i s t h e n e g a t i v e o f t h e r e c i p r o c a l o f t h e l o a d -l i f e exponent, p t , f o r t h e t r a n s m i s s i o n . i s taken as t h e o u t p u t torque on t h e r e g r e s s i o n l i n e which corresponds to a 90 p e r c e n t r e l i a b i l i t y l i f e of one m i l l i o n o u t p u t s h a f t r o t a t i o n s .

The t r a n s m i s s i o n dynamic c a p a c i t y Computer L i f e A n a l y s i s Proqram The s t r u c t u r e o f t h e computer program which performs these analyses i s described i n t h e b l o c k diagram o f F i g . I . I n t h i s program, a common b l o c k a r r a y f o r p r o p e r t i e s i s used t o separate t h e component and t r a n s m i s s i o n p r o p e r t y values f r o m t h e a n a l y s i s s u b r o u t i n e s . This a r r a y i s twodimensonal -i t s rows correspond t o s p e c i f i c components w i t h t h e f i r s t row c o n t a i n i n g the values
for the e n t i r e t r a n s m i s s i o n , and i t s column cont a i n i n g values f o r s p e c i f i c p r o p e r t i e s . Since the subroutines which determine t h e t r a n s m i s s i o n l i f e and dynamic c a p a c i t y i n t e r f a c e s o l e l y w i t h t h i s p r o p e r t y a r r a y , they a r e thus separated from any s p e c i f i c t r a n s m i s s i o n c o n f i g u r a t i o n . The system a n a l y s i s subroutines work i n an i d e n t i c a l manner f o r a l l t r a n s m i s s i o n c o n f i g u r a t i o n s considered. Thus, o t h e r c o n f i g u r a t i o n s can be added t o t h e program by adding component p r o p e r t y determinat i o n subroutines o n l y .
A s i n d i c a t e d i n the f i g u r e , t h e program cons i s t s o f a main program, a s e r i e s o f c o n f i g u r at i o n s p e c i f i c subroutines, some g e n e r i c component p r o p e r t y a n a l y s i s subroutines, t h e system a n a l y s i s subroutines and t h e common b l o c k . gram s e l e c t s t h e r o u t i n e s t o be used i n t h e analys i s and sequences t h e i r o p e r a t i o n . The s e r i e s o f c o n f i g u r a t i o n s p e c i f i c subroutines i n p u t t h e conf i g u r a t i o n data, p e r f o r m component f o r c e and l i f e analyses w i t h t h e h e l p o f t h e g e n e r i c component p r o p e r t y a n a l y s i s subroutines, fill t h e p r o p e r t y a r r a y , c a l l up t h e system a n a l y s i s r o u t i n e s , and f i n a l l y p r i n t o u t t h e a n a l y s i s r e s u l t s f o r t h e system and t h e components.
The main proTransmission C o n f i g u r a t i o n s t h i s program a r e : ( 1 ) s i n g l e pass gear transmissions, ( 2 ) compound gear transmissions, ( 3 ) p a r a ll e l compound gear transmissions, ( 4 ) s t a r gear transmissions, and ( 5 ) p l a n e t a r y gear t r a n s m i s s i o n s .
The p a r a l l e l a x i s transmissions t r e a t e d by
The s i n g l e mesh gear t r a n s m i s s i o n i l l u s t r a t e d i n F i g . 2 i s composed o f two gears and two s h a f t s . The gears a r e i n mesh, and b o t h t h e i n p u t and o u tp u t s h a f t s a r e supported by two bearings each.
The t r a n s m i s s i o n 1 i f e and dynamic c a p a c i t y analys e s a r e based on the l i v e s and c a p a c i t i e s o f t h e two gears and t h e f o u r bearings.
The compound gear t r a n s m i s s i o n i l l u s t r a t e d i n F i g . 3 has two or more meshes and t h r e e or more gear s h a f t s arranged i n a s i n g l e power p a t h conf i g u r a t i o n . These transmissions c o n t a i n a minimum of s i x bearings and four gears. For each addit i o n a l mesh, two more gears and two more b e a r i n g s a r e added. A s w i t h a l l t h e cases, t h e c i t e d beari n g s and gears a r e t h e t r a n s m i s s i o n components which i n f l u e n c e t h e t r a n s m i s s i o n l i f e and c a p a c i t y The para1 l e 1 compound gear t r a n s m i s s i o n shown i n f i g . 4 has s i n g l e i n p u t and o u t p u t gears w i t h s p l i t path power t r a n s f e r through m u l t i p l e i n t e rmediate gear s h a f t s . These i n t e r m e The s t a r gear transmission shown i n F i g . 5 has c o n c e n t r i c i n p u t and o u t p u t e x t e r n a l gears, w i t h m u l t i p l e i n t e r m e d i a t e gear s h a f t s placed symm e t r i c a l l y around the common i n p u t and o u t p u t s h a f t c e n t e r l i n e . This type o f t r a n s m i s s i o n has an i n p u t and an o u t p u t gear and m u l t i p l e intermed i a t e shaft; w i t h two gears each which mesh w i t h t h e i n p u t and o u t p u t gears. Due t o t h e symmetry o f gear l o a d i n g , the loads on the f o u r bearings on t h e i n p u t and o u t p u t s h a f t s cancel t o zero and thus the bearings a r e n o t i n c l u d e d i n t h e l i f e and dynamic c a p a c i t y analyses f o r these t r a n s m i s s i o n s . However, the l i v e s and c a p a c i t i e s o f two bearings f o r each i n t e r m e d i a t e s h a f t are i n c l u d e d i n t h e t r a n s m i s s i o n a n a l y s i s .
d i a t e gears s h a f t s need n o t be placed s y m m e t r i c a l l y around t h e i n p u t and o u t p u t gears. This t y p e o f t r a n s m i s s i o n i n c l u d e s an i n p u t and an o u t p u t gear and m u l t i p l e i n t e r m e d i a t e s h a f t s w i t h two gears. each which mesh w i t h t h e i n p u t and o u t p u t gears. The f o u r beari n g s on the i n p u t and o u t p u t s h a f t s and two addi-
The p l a n e t a r y gear t r a n s m i s s i o n i l l u s t r a t e d i n F i g . 6 has a f i x e d r i n g gear, an i n p u t sun gear and o u t p u t power taken f r o m t h e p l a n e t c a r r i e r . S i n g l e bearings a r e placed i n t h e c e n t e r s of t h e p l a n e t gears. The l i f e and c a p a c i t y analyses o f these transmissions i n c l u d e t h e l i v e s and capacit i e s o f a l l the gears and p l a n e t b e a r i n g s .
ExamDles
An i n -l i n e double mesh compound gear t r a n sm i s s i o n i s shown i n F i g . 7. This t r a n s m i s s i o n has an i n p u t speed o f 14 000 rpm, an o u t p u t speed o f 2 000 rpm and a power r a t i n g o f 300 kW. The first r e d u c t i o n i s 7:3 and the second r e d u c t i o n i s 3 : l . Table 1 i t e m i z e s the component loads, component dynamic c a p a c i t i e s i n terms o f t r a n s m i s s i o n o u t p u t t o r q u e , and 90 percent r e l i a b i l i t y l i v e s o f t h e components i n m i l l i o n o u t p u t r o t a t i o n s . The Weibull slopes f o r t h e bearings were g i v e n t o be 1 . Z 1 s 2 w h i l e those f o r t h e gears were g i v e n t o be 2.5.3-7
The l o a d -l i f e exponents for t h e bearings were g i v e n t o be 3 . 0 f o r t h e b a l l b e a r i n g s and 3.33 f o r t h e r o l l e r bearings1 w h i l e those for t h e gears were g i v e n to be 4.3.3-7
By program a n a l y s i s , t h i s t r a n s m i s s i o n has a 90 p e r c e n t r e l i a b i l i t y For comparison purposes, change t h i s t r a n smission t o a p a r a l l e l compound gear t r a n s m i s s i o n w i t h a second i n t e r m e d i a t e s h a f t i d e n t i c a l t o t h e f i r s t and l o c a t e d 95" f r o m t h e f i r s t , as shown i n F i g . 8 . Table 2 i t e m i z e s t h e loads, dynamic c a p a c i t i e s and 90 percent r e l i a b i l i t y l i v e s o f t h e components i n t h i s c o n f i g u r a t i o n .
By program a n a l y s i s , t h i s t r a n s m i s s i o n has a 90 p e r c e n t r e l i a b i l i t y l i f e o f 1026 m i l l i o n o u t p u t c y c l e s or 8550 h r , a dynamic c a p a c i t y o f 10.18 kN-m, a Weibull slope o f 1.25 and a l o a d -l i f e f a c t o r of 3.60.
Adding t h e second power p a t h reduced gear and b e a r i n g loads and thus increased t h e t r a n s m i s s i o n l i f e by almost f o u r times and increased i t s dynamic c a p a c i t y by 75 p e r c e n t . N a t u r a l l y , i t increased the t r a n s m i s s i o n weight as w e l l . F i g u r e 9 i s a Weibull p r o b a b i l i t y p l o t o f t h e l i v e s o f t h e compound gear t r a n s m i s s i o n and the p a r a l l e l compound gear t r a n s m i s s i o n . Other v a r i a t i o n s o f t h i s t r a n s m i s s i o n c o u l d e a s i l y be evaluated f o r l i f e and capac i t y .
Concluding Remarks
A g e n e r a l i z e d l i f e and r e l i a b i l i t y model f o r p a r a l l e l shaft geared prop-fan and turboprop a i rc r a f t t r a n s m i s s i o n s was presented. The transmiss i o n l i f e and r e l i a b i l i t y model i s based on a combination o f the component r e l i a b i l i t y and l i f e models. The components i n c l u d e d i n the system model a r e t h e bearings and gears i n the main l o a d p a t h s . The component l i v e s and r e l i a b i l i t i e s a r e based on t h e two parameter Weibull f a i l u r e d i s t r ib u t i o n l i f e -r e l i a b i l i t y model and the Palmgren c l a s s i c a l f a t i g u e l o a d -l i f e model. The t h e o r y o f t h e r e l i a b i l i t y and dynamic c a p a c i t y models was presented, i n c l u d i n g t h e approximations necessary t o make t h e system models take on the same form as t h e component models. A modular program was described which i n c l u d e s f i v e separate t r a n s m i s s i o n c o n f i g u r a t i o n s . The i n t e n t o f t h e program i s t o enable t h e designer to b r i n g f o r w a r d t h e b e s t c o n f i g u r a t i o n and conf i g u r a t i o n embodiment p o s s i b l e t o t h e f i n a l design stage o f a t r a n s m i s s i o n ' s development from a l i f e and r e l i a b i l i t y s t a n d p o i n t .
The components i n c l u d e d i n each c o n f i g u r a t i o n system model a r e t h e bearings and gears i n t h e main l o a d p a t h . The program uses a two-dimensional p r o p e r t y a r r a y t o separate t h e system analyses from c o n f i g u r a t i o n s p e c i f i c f o r c e and motion analyses. With t h i s s e p a r a t i o n , i t i s easy t o expand t h e program t o i n c l u d e a d d i t i o n a l transmiss i o n c o n f i g u r a t i o n s . F i n a l l y , examples a r e i n c l u d e d t o compare two t r a n s m i s s i o n c o n f i g u r a t i o n s f r o m a l i f e and dynamic c a p a c i t y s t a n d p o i n t . The p a r a l l e l compound t r a n s m i s s i o n w i t h a second load p a t h compared t o a simple compound t r a n s m i s s i o n w i t h i d e n t i c a l components had a l i f e which was more than f i v e and o n e -h a l f times g r e a t e r and a dynamic c a p a c i t y which was 75 p e r c e n t g r e a t e r than t h a t o f i t s s i m p l e r and l i g h t e r c o u n t e r p a r t . K l e c k n e r , R.J., and Dyba, G., "High Speed S p h e r i c a l R o l l e r -B e a r i n g A n a l y s i s and Compari son w i t h Experimental Performance," Advanced Power Transmission Technology, G.K. 
